INTRODUCTION
Polymersomes are self-assembled vesicular (hollow spherical) systems based on amphiphilic block copolymers, where the copolymer contains two or more chemically distinct hydrophobic/hydrophilic monomer sequences that are covalently bonded. They are gaining interest due to their colloidal stability, versatile membrane properties and ability to encapsulate or integrate a broad range of drugs and molecules [1] [2] [3] [4] [5] , as artificial cells [6] [7] [8] [9] [10] or matrix compartments for water channel proteins in biomimetic biomimetic membranes for water separation [11] [12] [13] [14] [15] [16] .
Self-assembly of polymers has been studied extensively theoretically [17] [18] [19] [20] and experimentally [21] [22] [23] [24] [25] . Amphiphilic block copolymers can self-assemble into three main structural categories: bilayers, cylinders, and micelles depending on the interfacial curvature propensity.
Thus bilayers form at low interfacial curvature propensity and with increasing interfacial curvature propensity, cylinders and micelles may form. There are two main mechanisms for polymersome formation, see Figure 1 . One mechanism involves a closure of bilayer sheets resulting in vesicular shape and occurs when the energy loss due to surface tension is high enough that the vesicle shape is energetically preferable, see Figure 1 mechanism a 17 . Another mechanism involves nucleation (formation of semivesicles with a hydrophilic nucleus) with nucleus growth, see Figure 1 mechanism b 26 . In mechanism a at thermodynamic equilibrium, the polymersome size is related to a balance between the line tension γ, which is linearly related to the line energy E disk of the bilayer sheet rim and the bending modulus κ, linearly related to the bending energy E bend ( Figure 1 ) where the polymersome diameter
For κ of 40 kT and γ of 1 kT, typical values for block copolymers 28 , the theoretical mean d P is 160 nm, which is in good agreement with reported experimental data 17 . However, based on experimental data, other factors than κ and γ can significantly influence polymersome size. These factors can be divided into four groups: internal-chemical factors (block chemistry, functionalization), internal-geometric factors (size, volume, number and distribution of each and both blocks), external-operational factors (conditions of preparation method) and external-environmental factors (temperature, composition and polarity of the solvent and additives). Table 1 lists some factors and their experimentally proven influences with main 3 Figure 1 : Sketch of forces behind polymersome formation at thermodynamic equilibrium 27 .
Polymersomes can form due to a) bilayer closure to equilibrate out the line tension of the bilayer sheet rim γ and the bending modulus κ or b) to formation of a semivesicle with interior hydrophilic residues (nucleus) subsequent growth.
focus on internal factors.
Xiao and coworkers recently investigated theoretically, the internal-geometrical factors of polymersome self-assembly. Using dissipative particle dynamics (DPD) simulations of polymersomes formed by self-assembly of triblock copolymers, they modelled the polymersome size distribution with respect to the relationship of the polymersome bilayer thickness t P and d P at different f . At decreasing f , t P dictates d P to a higher extent, leading to a transition of large to small d P 26 .
Polybutadiene-polyethylene oxide (PB-PEO) represents a highly promising block copolymer chemistry due to its ability to form robust vesicles in aqueous solution [40] [41] [42] [43] [44] attributable to the low glass transition temperature of 1,2-polybutadiene (PB) of -10 • C 45, 46 . PB has a close relation to polyprenyl chains found in many animal and plant membranes 45 . PEO is the most commonly used biocompatible polymer, which is important in biomedical/biomimetic applications 46 .
Most of the published experimental PB-PEO assembly studies focused mainly on the general morphology as a function of f 23, [47] [48] [49] [50] . The effect of M n and f on PB-PEO polymersome 53 or adhesiveness of functionalized PB-PEO polymersomes 54 have also been investigated. However, to our knowledge, no systematic size-distribution study exists for PB-PEO polymersomes, therefore this study focuses on the combined effect of M n and f on d P based on PB-PEO polymersome formation in aqueous solution. In this study, d P and polydispersity of d P will be determined by using DLS and FF-TEM. For DLS analysis, polydispersity index (PDI DLS ) is quantified as the ratio:
where δ is the distribution width of d P and Z D the intensity-weighted hydrodynamic d P , obtained by DLS cumulant analysis 55 . A related measure of the polydispersity is the variation coefficient:
where d P is the mean value of d P . For analysis using FF-TEM, polydispersity is quantified as:
where σ is the standard deviation of the manual d P measurements from a total of n polymersomes. The FF-TEM derived variation coefficient is defined as:
This knowledge can be very helpful in controlling the polymersome particle size and distribution and thereby circumvent the expensive and time-consuming extrusion process normally employed during production and scale-up of polymersomes for pharmaceutical, biomedical and biomimetic applications.
EXPERIMENTS
Polymer synthesis via one-step approach
All diblock copolymers except PB 43 -PEO 32 and PB 74 -PEO 60 were synthesized via one-step ring-opening anionic polymerization according to Förster 56 . Here, butadiene (Bd) and ethylene oxide (EO) monomers were purified and dried via cooling with liquid nitrogen and distilled over n-dibutylmagnesium (n-Bu 2 Mg) and n-butyl lithium (n-BuLi) to remove traces of impurities. The synthesis solvent Tetrahydrofuran (THF) was purified and dried via reflux and stirred over sodium in benzophenone and paraffin.
For polymerization of Bd, THF was first introduced in a predried reactor and cooled to -40
Bd was added, followed by n-BuLi. The reaction was allowed to run for 4h at -20
• C, where the polybutadienyl lithium appeared in a yellow or orange colour. This step was followed by cooling down the mixture to -40 Polymer synthesis via two-step approach PB 43 -PEO 32 and PB 74 -PEO 60 were synthesized following a two-step-approach by 57 . The Bd was polymerized as mentioned above followed by direct precipitation in cold acetone. This step was followed by vacuum drying of PB that was following an introduction in a predried reactor together with purified THF. This step was followed by titration with potassium naphthalenide into the solution until a slight green color remained for at least 30 min. EO was added and the reaction was allowed to heat to 45
• C run for 20 h. The following termination was done with acetic acid. Precipitation, analysis and storage was done like described above.
Polymersome formation
For polymer stock solutions, 100 mg was thawed, weighed and dissolved in 10 ml CHCl 3 in order to get a 10 mg/ml solution. This step was followed by a sonication for 5min.
Storage was at -20 • C until use. 2.5 ml of the stock solution was injected in a 5 ml round flask, followed by evaporating the CHCl 3 on a rotary evaporator for at least 2 h at room temperature and 2 mbar at a rotation speed of 125 rpm until the polymer remained as a smooth film on the flask wall. This step was followed by a rehydration of the sample with 200 µl of tris buffer (10mM tris pH 8.0, 50mM NaCl) with 1,3% n-octyl-β-D-glucoside (OG)
to facilitate the release of the film, and the sample was left stirring overnight at 4
• C. The sample was diluted with 800 µl tris buffer, followed by addition of 20mg biobeads (BioRad, Hercules, USA) to remove the OG between the polymersome bilayer. The sample was left on a shaker with 200 rpm for 3 h at room temperature (RT), followed by addition of another 20 mg of biobeads. The sample was then left overnight shaking with 200 rpm at 4
• C.
Analysis of d P via freeze fracture and transmission electron microscopy (FF-
TEM)
FF was performed on a MED020 with EM VCT100 shuttle attached (Leica, Wetzlar, Germany). 1.2 µl sample was injected into a 3 mm aluminium sample carrier at the side with 300 µm depth and covered with another aluminium plate of 200 µm depth side, care was 8 taken to avoid air bubbles in between. This sandwich was plunged into liquid ethane for 20 s, followed by immediate plunging in liquid N 2 . The sample carrier was fixed at the sample holder, followed by introduction in a high vacuum chamber at -140 • C. This step was followed by removal of the lower sample carrier, where sample coating was following at the same temperature with 2 nm carbon, followed by 4 nm platinum tilted at 45
• and finally with a 19nm carbon protection layer without tilt. Outside of the chamber, the carrier was thawed for 5 min at RT, followed by carefully replacement in 45
• into a 200 µl bath of tris buffer with 10%OG for 5 min for solubilizing the polymersomes. The final step was to place an uncoated TEM copper grid with 400 Mesh at 45
• below the replica or single pieces of it. TEM observation was done with a CM100 (Philips, Amsterdam, Netherlands) with an installed Veleta 2k CCD camera (Olympus, Shinjuku, Japan). On a tungsten source, the applied voltage was 80 kV with a 100 µm objective lense aperture. Analysis of d P on the TEM images was done by manual measurement (after semi-automatic measurement using
ImageJ with various plugins failed to work due to too low contrast between polymersomes and background) using the image software Gimp, followed by multiplication of all values with a correction factor of 4/π 58 .
Analyis of d P via DLS
DLS was done with a Nano Zetasizer (Malvern, Worcestershire, UK). 800 µl sample were injected in a disposable cuvette, followed by three measurements with 6 runs of 10 s per measurement at RT. 
RESULTS AND DISCUSSION
Stable PB-PEO based polymers with M n ranging from 2.3 -9.1 kg/mol and f between 0.089 -0.367 were synthesized as shown in Table 2 . Utilizing the film rehydration technique, polymersomes were formulated with the synthesized polymers and characterized using DLS and FF-TEM. First sample preparation will be discussed, in terms of how it can be adopted to ensure minimal external influence on d P , how the analytical methods used (DLS and FF-TEM) can influence d P and how one may minimize such influence. Then, results will be compared from DLS and FF-TEM as well as their compatibility or correlation of data generated from them. Finally, the influence of M n on d P , the influence of f on d P and the combined effect on d P of changing both M n and f will be discussed.
Issues in experimental determination of polymersome diameter
Influence of sample preparation
During polymersome preparation and analysis, commonly used techniques including centrifugation, dilution and agitation can affect their formation, quality and stability 59 . It is therefore necessary to minimize these external influences as much as possible. In the present study, we prepared all polymersomes with no dilution, centrifugation and minimal agitation during preparation and analysis. To ensure reproducibility, three sample sets are prepared per polymer. Most samples exhibited high turbidity (polymer concentration: 25 mg/ml) throughout the preparation.
Influence of DLS algorithms
It is well-known that DLS is biased towards larger particles, because they scatter light more strongly. To minimize this bias, volume size distribution is used instead of the intensity size distribution. The latter is based on Rayleigh scattering that has a intensity-particle- 16 65 we conclude that the majority of spherical structures observed are polymersomes.
For the PB-PEO diblock copolymers investigated, FF-TEM revealed highly polydisperse samples that were spread over the whole replica (Figure 2a) , distributed in small islands between non-fractured polymersome-free planes (e) or in river-like arrangements (c). All these samples had well-defined edges and clear three-dimensional appearance. Other samples had well-defined edges as well but appeared more planar (Figure 2f ).
The difference between Figure 2a , g and c could be due to the fact that each polymersome there were seldom micrometer size polymersomes present in the river-like arrangements.
The "islands", observed in Figure 2e , could be due to air bubbles, creating solution-free gaps between both planchets. However, all these factors are not influencing d P determination per se. A few polymersome samples had less well-defined edges and generally exhibited a more shallow appearance (Figure 2b ). These polymersomes were probably not fractured but could be facing the air-water-interface of a captured air bubble. Here, no correction factor would apply as far as no fracture occurred. We rarely observed these structures, thus we assume their influence on d P to be negligibly small. which is beyond the scope of this study. However based on the work of Terreau and coworkers 36 we are confident that our sampling is sufficient to assess d P .
Issues in comparing from DLS versus FF-TEM
All spherical self-assembled morphologies from a FF-TEM image are measured in terms of and a region with medium/low d P values (labeled C).
The relation between d P and M n & f
We now analyze how d P depends on M n and f . The relationship is depicted in Figure 3 where Figure 3a show data from the DLS measurements. d P is indicated as full circles (blue and red for DLS and FF-TEM respectively) and the concentric dotted circles indicate d P ± δ for DLS and d P ± σ for FF-TEM. Although the d P distribution seems to scatter considerably in the (M n ,f ) parameter space we can identify three regions: a region with mixed high/medium/low d P values (labeled A), a region with medium/high d P values (labeled B) and a region with medium/low d P values (labeled C). Our finding are on contrast to the findings of Wu et al. who observed a decrease d P with increasing f for PDMS-PMOXA diblock copolymers 34 . Hypothetically, this difference could be due to steric repulsion of PMOXA, which may be less pronounced for PEO, as far as the oxazoline ring of PMOXA has a higher steric effect than the PEO monomer.
From the FF-TEM analysis, there was a slight increase in d P with higher M n for f > 0.2.
Bermudez et al. reported an increase in t P with increasing M n 51 for PB-PEO polymersomes.
From M n of 3.6 to 5.2 kg/mol, they observed an t P increase of 1 nm (9.6 to 10.6 nm). From a thermodynamical point of view, we assume mechanism a from the introduction as the major mechanism since mechanism b applies to more hydrophobic polymers like PDMS 26, 69 .
Thus, it may be that in regions B and C in the (M n ,f ) parameter space (Figure 3 ), the equilibrium between E disk the driving force to keep the bilayer structure open and E bend , the driving force to close the bilayer to vesicular structure, is one broad energetic minimum. For polymers in region B (M n 5-9 kg/mol and f 0.2-0.4), as well as for polymers in region C (M n 3-9 kg/mol and f of 0.1-0.2), the bilayer closure or nucleation growth results therefore in one dominant d P . Thus, polymersomes in these regions had less polydispersity than in region A (M n 2-5 kg/mol and f 0.2-0.4). Here, the energy difference behind bilayer closure/nucleation growth is smaller which likely results in several energetic minima, leading to d P variation and higher polydispersity.
In order to obtain more insight into how the polydispersity may depend on the characterization method, we analyzed how the variation coefficients V DLS and V F F −T EM depend on M n with the reverse ratio mentioned before). In region B and C, V DLS and V F F −T EM are low, consistent with the obtained δ and σ values, see Figure 3 . In region A, the variation coefficients were more different, where the difference between V F F −T EM was higher than in the case of V DLS . The underlying weak energy function in region C is also reflected in the variation coefficients. The resulting randomly d P s are especially visible in the different 
CONCLUSIONS
In conclusion, polymersomes based on PB-PEO were prepared under identical conditions and analysed via DLS and FF-TEM to determine how d P depends on M n and f . Both methods of analysis revealed highly polydisperse samples. We defined three main regions in the (M n ,f ) parameter space: A (high f /low M n ) with mixed high/medium/low d P and high polydispersity, B (high f /high M n ) with high/medium d P and medium polydispersity and C (low f ) with low/medium d P and medium polydispersity. There is a tendency towards increased diameter with increasing f and M n . These observations are a first step into the complex and sensitive interplay between block length and morphology at the "amphiphilic window" between f 0.15 and 0.35 where polymersomes are forming. The understanding of underlying mechanism enables the chemical fine-tuning to achieve desired size distributions for the use of polymersomes as nanoreactors, drug delivery system or matrix compartment for biomimetic membranes.
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